The human host has co-evolved with the collective of bacteria species, termed microbiota, in a complex fashion that affects both innate and adaptive immunity. Differential regulation of regulatory T-cell and effector T-cell responses are a direct result of specific microbial species present within the gut, and this relationship is subject is dysregulation during inflammation and disease. The microbiota varies widely between individuals and has a profound effect on how one reacts to various environmental stimuli, particularly if a person is genetically predisposed to an immune-mediated inflammatory disorder such as inflammatory bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC). Approximately half of all CD patients have elevated antibodies to CBir1, a microbiota flagellin common to mice and humans, demonstrating flagellins as immunodominant antigens in the intestines. This review focuses on the use of flagellins as probes to study microbiota specific responses in the context of health and disease as well as probes of innate and adaptive responses employed by the host to deal with the overwhelming bacterial presence of the microbiota.
Introduction
The co-evolution of the microbiota with human has generated complex networks of bacterial reactivity and tolerance, some for the benefit of the host and some for its detriment. For example, the presence of certain Clostridia species in mice have been demonstrated to be protective against dextran sodium sulfate (DSS)-induced colitis, while the presence of Klebsiella pneumoniae and Proteus mirabilis in the murine intestine is associated with inflammation and contributes to colitis in certain immune compromised mice. This complexity is illustrated by the presence of 10-fold more microbial cells than eukaryotic cells in the human body, and these bacterial cells contain 100 times as many genes as the entire human genome (1) . Certain clostridia species, most predominantly from cluster XIVa, have been associated with increased numbers of T-regulatory cells (Tregs) in the mouse colon (2) , while segmented filamentous bacteria (SFB) has been associated with the development of the T-helper 17 (Th17) cell lineage in the murine small intestine (3, 4) . Numerous additional bacterial species have been associated with immune cell development and are discussed further below. Dysregulated responses to the microbiota have been associated with immune-mediated diseases such as Crohn's disease (CD) (5, 6) . CBir1 and related flagellins have been identified as immunodominant antigens in murine colitis and in CD, thus flagellin reactivity has proven to be a valuable tool in understanding microbiota specific responses (6) (7) (8) (9) (10) . In this review, we update the current understanding of microbiota-specific responses in both innate and adaptive immunity, including microbiota effects on the epithelium, innate lymphoid cells (ILCs), T-cell development, and immunoglobulin A (IgA), as well as recent approaches assisting in understanding how the immune system and the microbiota work in concert.
Innate immune responses to the microbiota Secretory IgA limits bacterial access to the host
The innate arm of the immune system has critical mechanisms for eliminating pathogenic bacteria and is vital in restricting systemic adaptive responses to microbiota species in order to maintain a homeostatic environment. Secretory IgA (SIgA) is a vital component in communicating the contents of the microbiota to the immune system. After SIgA binds and forms complexes with commensal species, it can subsequently cross from the lumen to the mucosa by binding to a specialized IgA receptor on microfold (M) cells (11) (Fig. 1) . SIgA selectively presents the bacterial components to tolerogenic CD11c + CD11b + CD8 − dendritic cells (DCs), which produce interleukin-10 (IL-10) and have a propensity to induce IgA class switching (12, 13) in the subepithelial dome (SED) of Peyer's patches (PPs) (14) (15) (16) . This process is vital in establishing a constant, albeit nominal, sampling of commensal species by SIgA that ensures effective communication between the microbiota and the immune system. This selective presentation of commensal species to tolerogenic DCs is in line with the antiinflammatory nature of SIgA and aids in limiting inflammation that could result from the immense load of bacteria in the lumen.
SIgA is also a critical member of the first line of defense against invading pathogens. Polymeric IgA attaches to the poly-immunoglobulin receptor (pIgR) on the basolateral surface of the epithelium, where it is then transported into the intestinal lumen as SIgA after interacting with secretory component (SC) (17, 18) . SIgA blocks adherence of invading bacteria and toxins to the thick mucus layer of the epithelium through broad recognition of pathogenic epitopes on their surface followed by subsequent cross-linking of these antigens in the intestinal lumen, thus preventing the colonization of these species and eliminating the potential for inflammatory responses (14, (18) (19) (20) (21) . Additional roles for IgA in maintaining mucosal homeostasis are further discussed below.
The role of protective mucus layers and spatial segregation in the intestine An additional mechanism of restricting immune responses to commensal organisms is by spatial segregation at the mucosal interface. This spatial segregation present within the murine colon is in the form of two mucus layers, a firm layer that is in direct contact with epithelium and devoid of bacteria and a loose layer between the firm layer and the lumen that contains limited bacteria (22) . Both layers are structurally dependent on goblet cell (GC) production of Muc2 mucin and serve to limit bacterial attachment to the epithelium. In support of this, Muc2 −/− mice lack appropriate separation of the microbiota and the colonic epithelium and therefore have bacteria located in colonic crypts and surface epithelium, making them susceptible to intestinal inflammation and colon cancer (22) . These findings were recently recapitulated in human studies. Healthy controls were demonstrated to have an impenetrable inner mucus layer in the colon, while ulcerative colitis (UC) patients (and murine models of colitis) were demonstrated to have bacteria present in the inner, normally impenetrable layer (23) . These data are in agreement with other reports linking epithelial cell dysregulation and inflammatory bowel disease (IBD) (22, 24, 25) .
In the small intestine, epithelial cell secretion of RegIIIγ, a C-type bacterial lectin specific for targeting Gram-positive bacteria, and likely other anti-microbial peptides, is essential in establishing a 50 μm zone devoid of bacteria between the mucus layer and the lumen. The formation of this protective zone is dependent on myeloid differentiation factor 88 (MyD88) signaling and is vital in limiting adaptive immune responses to the microbiota (26, 27) . Mice deficient in RegIIIγ have been demonstrated to exhibit increased quantities of Gram-positive mucosa-associated bacteria, heightened intestinal IgA levels, and augmented numbers of CD4 + interferon-γ (IFNγ) + T cells in the intestines (27) . The dependence on MyD88 signaling for the induction of this protective zone suggests TLR signals play in a role in generating this response, though the exact trigger or if a threshold of signaling is required for RegIIIγ production is currently unclear.
TLR5 and anti-flagellin responses in mice
Toll-like receptor 5 (TLR5) is expressed on the basolateral surface of intestinal epithelial cells and is the cell surface receptor for flagellin, the structural component of bacteria flagella (28, 29) . Both CD11c + CD11b + and CD11c + CD11b − intestinal DCs express TLR5 to a markedly greater extent than splenic DCs (30) . Various microbial ligands including lipopolysaccharide (LPS), FliC, and CpG oligonucleotides downregulate TLR5 expression in bone marrow-derived DCs (BMDCs). In contrast, BMDCs treated with retinoic acid (RA) display increased TLR5 protein, suggesting its expression is differentially regulated in the intestine by various dietary and microbiota constituents (30) . Additionally, systemic flagellin administration has been demonstrated to induce significant IL-23 production from CD103 + CD11b + lamina propria (LP) DCs via TLR5 activation (31) . IL-23 acts on various cell types and is vital in controlling intestinal inflammation. Mice deficient in TLR5 (TLR5 −/− ) have elevated levels of pro-inflammatory cytokines compared to wild type mice at baseline and are susceptible to colitis induced by the inflammasome cytokine IL-1β, in the setting of IL-10 neutralization (32) . Although inhibiting IL-10 signaling altered the microbiota in both wildtype and TLR5 −/− mice, only the TLR5 −/− mice were subject to colitis induction, suggesting innate mechanisms may be compensating for the lack of IL-10 in wildtype mice (32) . Colitic TLR5 −/− mice have transiently increased proportions of proteobacteria, specifically enterobacteria species, compared to wildtype or non-colitic TLR5 −/− mice (33) .
Defensin regulation of mucosal homeostasis
α-defensins contribute to intestinal homeostasis by regulating IL-1β. Although overproduction of IL-1β leads to overt inflammation, a complete lack of this signaling molecule can contribute to an increased susceptibility to various infections. Matrix metalloproteinase-7-deficient (MMP7 −/− ) mice, which are deficient in mature α-defensins, have augmented basal levels of IL-1β, demonstrating a role for defensins as negative regulators of IL-1β. MMP7 −/− mice also have increased sensitivity to DSS-induced colitis, revealing a role for defensins in controlling intestinal epithelial health (34) . Loss of function mutations in NOD2, a risk allele associated with CD, are associated with decreased α-defensin production from Paneth cells, further establishing a link between altered defensin responses and intestinal inflammation (35, 36) .
Autophagy as a mechanism of innate immunity
Recent work has demonstrated autophagy as a vital innate immune mechanism to combat opportunistic commensals and pathogenic bacteria at the epithelial surface (37) . This epithelial cell-intrinsic mechanism functions by ingesting invasive bacteria in a MyD88-dependent manner, limiting the spread of bacteria to sites beyond the epithelial layer. This observation is intriguing, considering that NOD1 and NOD2 have been shown to regulate autophagy, and NOD2 mutations are linked with CD in the same pathway as ATG16L1, an autophagy-associated gene (36, (38) (39) (40) (41) . Therefore, dysregulation of autophagy due to a genetic defect could play a role in the onset of CD by altered innate, protective responses against invading bacteria as well as the previously mentioned defect in Paneth cells (37, 41, 42) . Furthermore, ATG16L1 may function as a suppressor of inflammatory cytokine induction by NOD1 and NOD2 (43) . ATG16L1 hinders poly-ubiquitination of the Rip2 adapter and subsequent recruitment and activation of Rip2. This function is independent of the autophagy defect associated with the CD risk allele and reveals an additional role for defects in ATG16L1 in contributing to intestinal inflammation and predisposition to CD (43) .
Inflammasomes as mediators of innate immunity
Inflammasomes are critical innate mediators of the microbiota-host dialog that sense pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). Recent work has demonstrated that mice deficient in the NLRP6 inflammasome signaling complex, a member of the NOD-like receptor (NLR) family, have reduced levels of IL-18, a cytokine important in epithelial turnover and barrier function (44) . NLRP6 −/− mice also had a dysbiosis of the intestinal microbiota including elevated levels of Prevotellaceae and TM7 bacterial family members and reciprocal decreases in the Lactobacillus genus and Firmicute phylum. This dysbiosis was both vertically transferred through progeny and horizontally transferred to co-housed pups and adult mice. NLRP6 −/− mice as well as wildtype mice with this altered flora had increased sensitivity to DSSinduced colitis due to upregulation of CCL5, a T-cell chemokine (44) . These data support the hypothesis that genetic defects in inflammasome activation and signaling can contribute to an increased susceptibility to intestinal inflammation by inducing dysbiosis that is 'colitigenic' in nature.
Ipaf, a member of the NOD-LRR (leucine-rich repeat) family of proteins, has been demonstrated to recognize intracellular flagellin and is capable of inflammasome activation, stimulation of caspase-1, and activation of pro-inflammatory IL-1β in a TLR5-independent manner in Salmonella infected macrophages (45) . Flagellin stimulation of IL-1β via ipaf occurs in naïve as well as LPS-tolerized macrophages, indicating this activation is independent of NFκB and mitogen-activated protein kinase (MAPK) signaling (45) .
ILCs: bridging innate and adaptive immunity
Innate lymphoid cells (ILCs) have emerged as important regulators of adaptive immunity. ILCs have a vital role in barrier function and integrity (46) and can be categorized into three groups (ILC1, ILC2, ILC3) according to their dependence on specific transcription factors (47) . The heterogeneous group 3 ILCs, which are dependent on the canonical Th17 lineage transcription factor retinoic-acid-receptor related orphan receptor-γt (RORγt), have been recently shown to contribute to microbiota-specific responses independently of the classical Th17 lineage-associated cytokines, IL17A, IL-22, and IL-23 (48) . The CCR6 + RORγt + Tbet − IFNγ − subset of the group 3 ILCs express major histocompatibility complex class II (MHCII) and are able to present antigen in vivo. This subset lacks costimulatory molecules and therefore does not induce T-cell proliferation in the gut but instead functions to limit CD4 + mucosal T-cell responses. ILCs pulsed with CBir1 flagellin peptide and transferred into a naïve congenic mouse along with CBir1-transgenic T cells resulted in a decreased expansion of CBir1-specific T cells and IFNγ production, compared to transfer of CBir1-specific T cells only, after systemic challenge with CBir1 peptide (48) . These data implicate a significant role for ILCs in limiting CD4 + T-cell responses to the microbiota by interacting with T cells through an MHCII-dependent mechanism. While this mechanism is independent of IL-23, group 3 ILCs have recently been demonstrated to be dependent on IL-23 production from DCs to produce IL-22, an important mechanism maintaining epithelial integrity (31) . Thus, ILCs have a multifaceted role in regulating intestinal homeostasis.
Innate regulation of adaptive CD4 + T-cell responses to microbiota antigens T-cell transfer models, most notably the transfer on naive (CD45RB hi ) cells into immunodeficient mice, have long been used as experimental models of colitis (49, 50) . Co-transfer of memory T cells (CD45RB lo ) along with naive T cells, as well as neutralization of specific proinflammatory cytokines, are effective at inhibiting intestinal inflammation (50) . Following transfer, the CD4 + T cells expand in vivo, but the mechanism of colitogenic CD4 + T-cell proliferation and whether this proliferation was necessary for colitis development has been clarified. The induction of colitis by transfer of naive CBir1 flagellin TCR transgenic CD4 + T cells into an immunocompromised mouse requires both innate stimulation via TLR signals for spontaneous proliferation of T cells, as well as antigen-specific CD4 + T-cell activation (51) . Adoptive transfer of CD4 + CBir1-specific T cells but not CD4 + OT-II cells, which are specific for ovalbumin, into B6.Rag −/− specific pathogen-free (SPF) mice resulted in colitis.
Colonizing the B6.Rag −/− mice with an OVA-expressing E. coli before transfer of OT-II CD4 + T cells resulted in colitis induction, demonstrating that the lack of colitis was not due to an insufficiency of T cells but rather a lack of cognate antigen (51) . While transgenic T (OT-II and CBir1) cells were able to proliferate and cause colitis when transferred into Rag −/− (SPF) mice in the presence of cognate antigen, these cells did not proliferate or cause intestinal inflammation when transferred into germ-free (GF) Rag −/− mice, indicating a role for the microbiota in spontaneous T-cell proliferation and colitis induction. Co-transfer of DCs pulsed with mouse cecal contents with CD4 + CBir1 T cells but not IL6 −/− or MyD88 −/− DCs were able to restore spontaneous T-cell proliferation in GF mice. Therefore, microbiota-derived ligands are vital in stimulating DCs to produce IL-6 via the MyD88 pathway, an essential cytokine in spontaneous T-cell proliferation (51) . These data are in agreement with a two-hit model of colitis in which microbial stimulation of the innate intestinal system and activation of T cells by their cognate microbial antigen are both required for colitis to occur (51) .
Microbiota-specific adaptive responses

IgA maintains a mutualistic relationship with the microbiota
The immune system has multiple strategies for dealing with the immense bacterial load of the intestinal system, one of the most prominent being IgA. In contrast to the classical prime-boost responses characteristic of IgG reactivity, IgA responses are additive in nature and dependent on the bacterial species that are contemporaneously present, suggesting an intimate crosstalk between IgA and the microbiota (52) . Using a reversible microbial colonization system, microbiota-specific IgA responses were found to be long-lived and capable of reaching high titers but subject to attrition, and therefore directed at the bacterial species currently present within the intestinal tract (52) . IgA responses in the intestine also require a high threshold for induction, approximately 10 9 bacteria, and have a relatively long half-life, greater than 16 weeks. These characteristics, coupled with a slow onset of response, implicate IgA as an anti-inflammatory antibody that acts to maintain mutualism with the microbiota rather than mount an immune response against it (52) . Dysbiosis of the microbiota during inflammation can contribute to the breakdown of this mutualistic phenotype and lead to unregulated bacterial growth contributing to systemic microbiota responses.
To generate commensal-specific IgA, DCs sample bacteria in close proximity to the epithelium and subsequently interact with B and T cells in the PPs to generate IgAproducing B cells (53) . Commensal-specific IgA can also be produced in a T-independent fashion that is not dependent on follicular lymphoid tissue organization, largely through B1 B cells (17, 54) . The commensal-specific IgA generated is confined to the mucosal immune system, and therefore circumvents systemic responses against the resident bacteria. This compartmentalization of murine responses to the microbiota has been demonstrated by the homeostatic response to 20 random recombinant intestinal bacterial proteins (rIBs) cloned from the cecum of a C3H/HeJ mouse (55) . In contrast to strong IgA responses to the majority of the 20 rIBs, there were no splenic CD4 + T-cell responses or baseline serum IgG reactivity to any of these microbiota antigens in normal C3H/HeJ mice. However, all 20 rIBs were able to induce strong IgG responses after parental immunization, equivalent to those induced with ovalbumin (OVA) (55) . This demonstrates ignorance, rather than a tolerance, of commensal bacteria by the systemic immune system. In agreement, adoptively transferred bacteria-specific T cells do not proliferate in the spleen or mesenteric lymph nodes in wildtype mice with normal IgA levels after oral challenge with antigen (7). This is due to endogenous IgA preventing uptake of antigen into the mesenteric lymph node DCs, because T cells readily proliferate in mice deficient in IgA or the in the polyimmunoglobulin receptor (pIgR) after oral challenge with antigen (7) . These data reveal a role for IgA in promoting homeostasis with the microbiota by limiting exposure to systemic immune responses.
Induction of IgA responses by T-regulatory cells
Treg cells in the intestine provide critical survival factors for mucosal IgA + B cells in the intestine (7, 17) . CD4 + Foxp3 + and CD4 + CD25 + Tregs are able to induce B-cell class switch recombination (CSR) and IgA production in vitro, and CBir1-specific as well as total IgA production in the intestine is severely impaired after Treg depletion. Intestinal IgA is fully restored after adoptive transfer of CD4 + CD25 + or CD4 + Foxp3 + Tregs compared to transfer of CD4 + CD25 − or CD4 + Foxp3 − T cells into B6.TCRβδ −/− mice. The substantial decrease in IgA + B cells and reciprocal increase in Annexin V staining after selective Treg depletion indicates that Tregs serve a survival function for IgA + B cells in the LP (7) . These data support a model in which Tregs act in concert with mucosal IgA + B cells to both inhibit host inflammatory responses and maintain the gut microbiota, which in turn protects the host against intestinal pathogens (Fig. 1) .
IgA + B-cell effector functions
An additional role for the multifaceted IgA antibody producing B cells was recently elucidated by the finding that a subset of IgA + plasma cells in the LP express both inducible nitric oxide synthase (iNOS), an antimicrobial factor, and tumor necrosis factor α (TNF-α) (56) . Interestingly, the production of iNOS by this IgA + B-cell subset is dependent on microbial colonization. GF mice are completely deficient in this subset, but iNOS expression by IgA + plasma cells is successfully restored after colonization with a limited flora (56) . Mice deficient in iNOS + TNFα + IgA + plasma cells have diminished IgA production and are unable to effectively clear infection with Citrobacter rodentium. These data establish a new effector function for IgA + plasma cells in producing antimicrobial factors in vivo, further broadening role of IgA + B cells in maintaining gut homeostasis in addition to compartmentalizing microbiota-specific responses and limiting uptake of microbiota antigens (Fig. 1) .
Colitogenic flagellin-specific T-cell responses and dependence on IL-23
Augmented production of the pro-inflammatory cytokines, IL-17A as well as IFN-γ and TNF-α, is a defining characteristic of experimental colitis induction in mice (50, 57, 58) . To determine the most prominent cytokines triggered by the microbiota during colitis, a T-cell line specific for intestinal antigens was developed by repeated stimulation of splenic CD4 + cells from colitic mice with cecal bacteria preparations from a C3H mouse. Transfer of the bacteria-reactive CD4 + cells into C3H.SCID mice resulted in colitis within four weeks (57, 59) . Although the majority of CD4 + T cells expressed IL-17 after transfer, there was still a substantial population of CD4 + IFN-γ-expressing cells. To determine which T-helper cell type was most associated with inducing colitis, these bacteria-reactive cells were differentiated into Th17 or Th1 phenotypes prior to transfer into a C3H.SCID mouse. Interestingly, the IL-17-producing Th17 cells reactive to cecal bacterial antigens were decidedly more potent in inducing colitis and immunopathology than the Th1 cells expressing IFNγ (57) , an outcome likely due to Th17 plasticity. The Th17 subset has been demonstrated to have the potential to differentiate into Th1 + Th17 + and Th1 + effectors, whereas Th1 cell types are less fluid and retain traditional Th1 phenotypes in vivo (60) . The murine Th17 lineage requires IL-6 and TGF-β for differentiation, and IL-23 has been shown to interact with and stabilize this pathway (57, (61) (62) (63) . IL-23 is heterodimeric member of the IL-12 family of cytokines, with a unique subunit, IL-23p19, and shared subunit with IL-12, IL-12p40 (64) . Mutations in the IL-23 receptor are associated with various immunemediated disorders including CD, UC, psoriasis, and ankylosing spondylitis (36) . A monoclonal antibody to the IL23p19 subunit of IL-23 was tested in this bacterial-specific Tcell transfer model of colitis to determine the function of IL-23 in intestinal inflammation. Neutralization of IL-23 with the anti-IL-23p19 antibody at the time of T-cell transfer was sufficient to inhibit the development of colitis in immunocompromised mice. In addition, the IL-23p19 antibody was effective at treating established colitis as well as downregulating multiple inflammatory genes such as IL-6, IFN-γ, TNF-α, IL-1β, and IL-17 (57) . Increased apoptosis of Th17 cells was observed after administration of the IL-23p19 antibody, supporting a role for IL-23 as a survival factor for Th17 cells. These data reveal the importance of IL-23 in fostering the sustainability of Th17 cells during intestinal inflammation. IL-23 also plays an important protective role in the intestine and whether IL-23 targeted therapy will be beneficial in the treatment of IBD in humans is unknown.
Activation of systemic microbiota reactive T cells by gut infection
Infection with the gastrointestinal pathogen, Toxoplasma gondii, activated microbiotaspecific T-cell responses through a breech in the compartmentalization of the mucosal immune system (65) . Naive CBir1 TCR transgenic T cells proliferated abundantly and expressed the classical Th1 transcription factor, T-bet, when transferred into mice subsequently infected with T.gondii. This is in contrast to the transfer of OT-II TCR transgenic T cells, which did not undergo similar activation, demonstrating that commensalspecific T cells are capable of activation and differentiation into an effector phenotype during a heterologous mucosal infection (65) . Interestingly, these cells persisted as effector memory cells with increased expression of CD27 and low expression of Ly6c. Memory CBir1 TCR Tg T cells were able to effectively proliferate after a secondary systemic challenge with CBir1 peptide 35 days post oral infection with T.gondii. In addition, these long-lived cells maintained Tbet expression and low levels of IL-7Rα, consistent with a memory cell recall response. CBir1 flagellin-specific cells could be reactivated during a gastrointestinal infection (GI), when CBir1 Tg T cells were stimulated with CBir1 peptide and LPS prior to a later oral challenge with T. gondii, demonstrating that commensalreactive T cells can respond to subsequent pathogenic infections after initial antigen-specific stimulation (65) . These data provide insight into how dysregulated responses to commensals may arise in the setting of infection or epithelial barrier disruption, potentially leading to inflammation and disease.
Adaptive immunity maintains a healthy microbiota
Lack of competent adaptive immune responses can result in deficient responses to the microbiota and shifts in bacterial composition. Deficiency in the T-box transcription factor family member Tbet (Tbx21) in mice lacking adaptive immunity (Rag2 −/− ) is capable of causing spontaneous colitis and epithelial layer malfunction (66) . The colitis induced in the T-bet −/− Rag2 −/− (TRUC) mice is dependent on the microbiota dysbiosis that is vertically transmissible to progeny as well as to wildtype and Rag2 −/− pups crossfostered with TRUC mothers. The colitis is marked by increased production of TNF-α from colonic DCs, for which Tbet is a negative regulator but is sufficiently controlled by transfer of CD4 + CD25 + regulatory T cells or treatment with antibiotics (66). 16S rRNA-based analysis of the microbiota constituents of the TRUC mice revealed the presence of both Klebsiella pneumoniae and Proteus mirabilis (67) . While colonization of GF re-derived TRUC mice with K. pneumoniae and P. mirabilis was not sufficient to induce colitis, the two bacterial species are able to elicit intestinal inflammation, albeit to a lower degree than that see in TRUC mice, in both WT and Rag2 −/− mice in the presence of an endogenous flora (67) . These data indicate that certain microbial species, while not pathogenic on their own, may be able to interact with endogenous members of the microbiota to induce disease under specific circumstances. Indeed, numerous murine models of colitis have varying species of bacteria contributing to inflammation depending on the experimental model (Table 1) .
Microbiota effects on CD4 + T cells
Recent advances in sequencing technology has allowed for a more in-depth look at the collection of genes, termed the microbiome, that make up the microbiota. Current estimates are that the microbiome contains approximately 3×10 6 genes, and considering that the microbiota has co-evolved with their host, it is logical that many of these genes encode antigens that function in maintaining mutualism with the host (68) . Considering the extensive population of bacterial species in the intestine, gnotobiotic mice have been useful in understanding the effects of specific bacterial strains on host immunity. Monocolonization of GF mice with Bacteroides thetaiotaomicron, a strain of bacteria known to colonize both human and mouse intestine, is sufficient to induce multiple alterations in host genes affecting intestinal functions including nutrient absorption, barrier function, xenobiotic metabolism, angiogenesis, and maturation of immune cells. These changes in gene expression are bacterial species specific because monocolonization with other species such as Escherichia coli K12 and Bifidobacterium infantis induce contrasting effects compared to B. thetaiotaomicron monocolonization (69) . These data demonstrate that disparate bacterial species have targeted and varying effects on the host and highlight the need to investigate specific functions of dominant bacterial organisms on host immunity.
Microbiota influence on T-effector cells
Microbial stimulation of the innate and adaptive immune systems has been demonstrated as indispensable for intestinal health, and recent data have also highlighted the microbiota's pivotal function in fostering the development of T-cell subsets including Tregs and Th17 cells. Recent work demonstrated that approximately half of all genes affected by microbial colonization of GF mice are associated with immune responses pathways (4). This establishes a major role for bacteria in shaping immune responses. Monocolonization with one bacterium, Segmented Filamentous Bacteria (SFB), is capable of inducing multiple Tcell lineages in the large and small intestine of mice as well as augmenting various ileal mRNA transcripts, including RegIII-γ (4). SFB is a clostridia-related organism that forms filament-like structures and is a potent inducer of polyclonal IgA responses, and to a lesser extent, antigen-specific IgA responses (70) . SFB filaments attach to the intestinal epithelium of the distal ilieum, as well as the epithelial dome region of PPs (71) . Further data on SFB has elucidated a specific role in the induction of Th17 cells (3) . Bacterial composition of mice from two different facilities, Jackson Laboratory and Taconic Farms, were analyzed due to their divergent levels of Th17 cells in the small intestine LP. Mice from Jackson Laboratory had very low numbers of intestinal Th17 cells and a lack of SFB colonization, while the mice from Taconic Farms had sufficient intestinal Th17 numbers and displayed robust adherence of SFB to the ilieum (3, 72) . Co-housing of nice from Taconic Farms and Jackson Laboratory was sufficient to establish SFB colonization in Jackson Laboratory mice and was accompanied by a reciprocal increase in intestinal Th17 cells (3) . These data support the hypothesis that SFB is a major inducer and regulator of Th17 cell induction in mice. Additionally, the combination of RegIII-γ upregulation in SFB monocolonized mice and concomitant increase in IL-17 production is consistent with a protective role for SFB in regards to epithelial integrity (3, 4) . Indeed, mice colonized with SFB demonstrate are more resistant to Citrobacter rodentium colonization and infection, most likely due to the increased production of the Th17-associated cytokines, IL-17, IL-22, and IL-23 (3). Although the exact mechanism of induction of Th17 cells is unclear, SFB does stimulate the epithelial cell production of serum amyloid A (SAA), which can induce Th17 responses in a concentration dependent manner in vitro (3). The lack of overt inflammation in SFB monocolonized mice suggests the major effect of SFB is to maintain homeostasis with the host and prevent the colonization of pathogenic species. The protective role of Th17 cells in the context of mucosal stress is consistent with recent data demonstrating that mice deficient in the IL-17 receptor (IL-17R −/− ) are more susceptible to DSS-induced colitis (73) . IL-17R −/− mice were also shown to have decreased intestinal pIgR and IgA levels, demonstrating a role for Th17 cells in their regulation and a broad role in overall mucosal homeostasis (73) .
Microbiota influence on T-regulatory cells
Multiple bacterial species have been associated with the induction and regulation of CD4 + Foxp3 + and CD4 + IL10 + regulatory T cells in the intestine. GF mice have low numbers of CD4 + Foxp3 + Tregs in the colonic LP, as opposed to other tissues such as the inguinal lymph nodes (iLN), small intestine LP, mesenteric lymph nodes (mLNs), and PPs of SPF mice, indicating a role for microbial stimulation in colonic Treg induction (2) . Reconstitution of GF mice with a mix of 46 strains of Clostridium species, predominately from Clostridium clusters IV (Clostridium leptum) and XIV (Clostridium coccoides), both of which have been associated with mucosal health, (74) induced a vigorous accumulation of Foxp3 + Tregs, to levels seen in SPF mice, in the colon of these gnotobiotic mice (2) . This increase in Tregs was present only in the colon and cecum of these mice, where these bacteria typically reside, but not in the small intestine. The effect was also specific to Clostridium species because colonization of GF mice with a mix of 16 Bacteroides species, SFB, or a mix of three Lactobacillus strains had minimal effects on colonic Foxp3 + Treg accumulation (2) . The increase in Foxp3 + Tregs was accompanied by an increase in TGF-β production by the intestinal epithelial cells (IECs) of the Clostridium-colonized mice. A majority of the Foxp3 + cells were Helios negative, indicating that Clostridium species are primarily augmenting the induction of the induced Foxp3 + Tregs (iTregs) in the colon through increased TGF-β and TGF-β activator production by IECs (2) . Additionally, the newly generated Tregs expressed high amounts of cytotoxic T-lymphocyte antigen 4 (CTLA-4) as well as IL-10, and demonstrated similar suppression kinetics to Tregs derived from SPF mice. Early colonization of SPF mice with Clostridia (2 weeks of age) efficiently generated a Clostridia-rich mucosal environment that was less susceptible to DSS and oxazolone-induced colitis, further demonstrating the functionality of these induced Tregs as well as the importance of Clostridia in mucosal homeostasis (2) .
Subsequent data have demonstrated that colonization of GF mice with a mix of 17 Clostridia species isolated from a human fecal sample is capable of inducing CD4 + Foxp3 + Tregs in the colon (75) . The collective of 17 strains was from Clostridia clusters IV, XIVa and XVIII, and all strains lacked overt virulence factors. The increase in colon Tregs was both vertically and horizontally transmissible and marked by an increase in IL-10 + and/or ICOS + CD4 + T cells within the Treg population (75) . Colonic Tregs isolated from Clostridia treated mice were able to suppress OT-I TCR transgenic CD8 + T-cell antigen-specific proliferation in vitro, and their suppressive capacity was increased with the addition of autoclaved cecal contents from Clostridia treated mice, suggesting a portion of the induced Tregs are antigen specific (75) . GF mice colonized with a single member or a mix of 3-5 Clostridia species from the group of 17 demonstrated increased colon Tregs, though not to the same extent seen with colonization of all 17 strains. Additionally, cecal extracts from the 17-strain mix were capable of eliciting increased TGF-β1 production from an intestinal epithelial line compared to extracts from mice colonized with a single isolate or a mix of 5 strains. Lastly, SPF mice orally inoculated with the 17-strain mix were less susceptible to TNBS-induced colitis and more protected in a naive T-cell transfer model of colitis (75) . These data demonstrate that bacterial species most likely work in concert to induce protective responses and combination therapy may be a more realistic therapeutic for patients with intestinal inflammation.
Although the exact mechanism of how Clostridia species specifically induce Tregs is unclear, it is logical to speculate that bacterial metabolites such as short chain fatty acids (SCFAs) are mediating this response. Administration of acetate to the drinking water of mice protected from DSS colitis and was mediated by engagement of the SCFA receptor, GPR43 (encoded by Ffar2), expressed on innate immune cells (76) . SCFAs, including acetic acid, propionic acid and butyric acid, have been shown to induce the generation of mucosal Tregs (77) (78) (79) . Butyrate, a metabolite of bacterial fermentation, particularly by Clostridia, is capable in augmenting extrathymic Foxp3 + Treg induction in vivo in GF, SPF, as well as antibiotic treated SPF mice when administered systemically (77, 78) . Furthermore, local administration of butyrate to the colon has been demonstrated to induce extrathymic de novo generation of Tregs (78) . Propionate and acetate were equally capable of augmenting colonic Treg induction after local administration, independent of CNS-1, a conserved noncoding DNA sequence on Foxp3 that acts as an enhancer element responsible for extrathymic Treg induction, suggesting that these SCFAs support expansion of the existing pool of colonic Tregs (78) . While systemic administration of butyrate was sufficient to induce extrathymic Tregs, the induction of colonic Tregs was dependent on local administration. Other work has demonstrated increased colonic Tregs in GF and SPF mice after systemic administration of butyrate, acetate, propionate, or a mix of all three SCFAs (77) . In these studies, systemically administered propionate was demonstrated to induce colonic Treg generation via the SCFA receptor GPR43, in agreement with previous work (76) . GPR43 engagement by SCFAs was sufficient to induce histone deacetylase (HDAC) inhibition, a potential mechanism for the increased colonic Treg proliferation and suppressive capacity. While propionate treatment did not ameliorate intestinal inflammation in lymphopenic mice in a naive CD4 + T-cell transfer model of colitis, it was capable of decreasing disease severity when Tregs were co-transferred along with T naive cells into lymphopenic mice, indicating that propionate acts directly to expand and strengthen the existing pool of regulatory T cells (77, 78) . Although SCFA systemic administration was capable of inducing extrathymic Tregs in both studies, their effect on colonic Treg generation varied. The contrasting effects of SCFAs on colonic and extra-intestinal Treg generation may be due to resident microflora differences between different facilities. Further research is needed to clarify which specific strains of bacteria produce SCFAs, although certain clusters of Clostridia have already been demonstrated to produce enhanced levels of SCFAs compared to other bacterial species. It would also be interesting to determine how these SCFAs are differentially regulated during inflammation and disease, considering SCFAs have been shown to be depleted in UC.
Clostrida's effect on mucosal homeostasis is not restricted to Tregs alone. Recent data have implicated Clostridium butyricum, a probiotic member of Clostridia cluster I, as a potent inducer of IL-10 production from F4/80 + CD11b + CD11c int macrophages (Mϕ) in the colon under inflammatory conditions (80) . Treatment of mice with C.butyricum was not sufficient to induce IL-10 production from Mϕ under steady state conditions, but rather required an inflammatory milieu, such as one supplied by DSS-induced colitis. Interestingly, increased IL-10 production occurred through a TLR2/MyD88 signaling pathway and was not dependent on T cells, as similar results were seen in Rag −/− mice (80) . This T-cellindependent protective effect is different from previous data in which B. fragilis polysaccharide A stimulation induced homeostatic conditions through TLR2 signaling directly on Treg cells (81) . These data demonstrate novel methods of how treatment with a microbiota member as a probiotic can contribute to a stabilized microbiota and homeostasis through IL-10-dependent mechanisms.
Innate immune mechanisms are vital in limiting bacterial adherence to intestinal tissues, but various bacteria are able to penetrate and maintain close contact with the host epithelium, including SFB and Bacteroides fragilis (3, 4, 81) . B. fragilis is a common human commensal organism that is capable of inducing IL-10-producing Foxp3 + Tregs through TLR2-dependent recognition of polysaccharide A (PSA) (81) (82) (83) . Instead of inducing TLRmediated inflammatory responses, PSA acts to suppress IL-17 production to successfully colonize the colonic crypts. PSA's actions occur exclusively through TLR2 signals on Foxp3 + regulatory T cells, even in the absence of antigen-presenting cells (APCs) (81) . B.fragilis is an example of a mechanism by which a microbiota species has evolved with its host to circumvent inflammatory responses, typically resulting from TLR signaling, to maintain mutualism. B. fragilis's recognition by Tregs, instead of innate immune cells, most likely aids in its intimate colonization niche with its host. This symbiotic relationship may have evolved over time to restrict inflammatory IL-17 production and colonization of the colonic crypts with pathogenic species.
Treg/Teff balance in the intestine
Regulatory T cells and effector T cells are dynamically regulated by the microbiota (Fig. 2) . Data demonstrated that commensal DNA modulates the T-effector/Treg cell balance in the intestine via a TLR9-dependent mechanism (84) . TLR9 −/− mice have an increased frequency of Tregs and reduced production of IFN-γ and IL-17 by T-effector cells in the small intestinal LP compared to wildtype mice. This difference is not present in the colonic LP, demonstrating a site-specific effect of TLR9 signaling on T-cell regulation. Treatment of wildtype mice with an antibiotic cocktail diminished host immune response against oral infection with a mucosal pathogen, demonstrating a need for microbial stimulation to mount a successful mucosal immune response. Administration of commensal DNA or CpG, a natural TLR9 ligand, was able to revert this phenotype, further indicating that commensal DNA is able to prime a mucosal response to infection in a TLR9-dependent manner. Additionally, LP DCs treated with CpG are impaired in their ability to induce Tregs in vitro under polarized conditions, but this phenotype is reversed by the inhibition of IL-6, IFN-γ, and IL-4 (84). Therefore, commensal DNA's regulation of the T-effector/Treg cell balance through TLR9 is most likely site-specific as well as dependent on the cytokine milieu of the affected site.
In a similar manner, TL5 −/− mice have augmented Foxp3 + Tregs compared to wildtype mice (30) . TLR5 ligation promotes T-effector cells while opposing Foxp3 + Treg generation in vitro, suggesting that TLR5 signaling affects the Treg/Teff balance. Considering that intestinal DCs express TLR5 to a much greater extent than splenic DCs, TLR5 is most likely an important modulator of microbial signals and the balance of immune cells in the gut (30) . TLR5 + CD103 + CD11b + LP DC induction of IL-23 upon flagellin recognition could also contribute to the balance of Treg/Teff in the gut given the known role of IL-23 in supporting the Th17 effector cell pathway and that IL-23 has been shown to negatively regulate Foxp3 + Tregs (31, 61, 85) .
Clearly, the bacterial composition of the host most plays a major role in the balance of Tregs and Teffs in the intestine whether by production of SCFAs, colonization by SFB or related organism, (3, 4, 77, 78) or through various innate signals including recognition via TLRs, especially TLR5 and TLR9.
Microbiota flagellin responses in humans Genetic links to IBD
With more than 160 gene variants encoding susceptibility to IBD identified in genome-wide association studies (GWAS), strong genetic predispositions exist for the development of IBD, most notably CD (86) (87) (88) (89) . These loci contain variants affecting both the innate and adaptive immune systems and are shared with multiple other immune mediated inflammatory diseases. For example, a polymorphism in the IL-23R gene is common to CD, ulcerative colitis (UC), psoriasis, and ankylosing spondylitis (90) . The IL-23R is a heterodimer composed of an α-chain, IL-23R, coupled with a β-chain, IL-12Rβ1, which is shared with the IL-12R (91) . The IL-23R gene variant linked to IBD encodes a splice variant resulting in a soluble receptor antagonist of IL-23 (92) , and confers protection from IBD (93, 94) . The effect of decreased IL-23 signaling could be wide-ranging, because IL-23 acts on innate cells, ILCs, and T cells. While yet to be shown in humans, neutralization of IL-23 is sufficient to ameliorate colitis in mice, demonstrating the importance of this cytokine in modulating intestinal inflammation (57) . In mice, systemic administration of flagellin has been demonstrated to induce IL-23 production from CD103 + CD11b + intestinal DCs through the flagellin receptor TLR5, stimulating IL-22 production from RORγt+ ILCs, and providing protective epithelial responses to microbial stimulation (31) . Therefore, IL-23 appears to play an important role in immune homeostasis and host protection.
Polymorphisms in NOD2, the gene encoding nucleotide-binding oligomerization domain protein 2, are strongly associated with CD but not UC (36) . NOD2 recognizes muramyl dipeptide (MDP), a component of peptidoglycan present on Gram-positive and Gramnegative bacteria, and is therefore a vital receptor for pathogen recognition (36, 95, 96) . The most common alterations in NOD2 associated with CD result in decreased activation of NFκB after MDP stimulation, which may contribute to altered bacterial colonization and improper innate immune responses to the microbiota (36, 97) . Indeed, CD patients carrying at least one variant in NOD2 have been demonstrated to express quantitatively higher levels of serum IgG anti-flagellin compared to CD patients without any NOD2 variants, suggesting these mutations lead to augmented adaptive antimicrobial responses (9, 98) . Recent studies have also linked NOD2 and ATG16L1, an additional risk allele for CD, in an autophagy pathway (38, 40) . Human DCs with mutations in NOD2 or ATG16L1 were impaired in autophagy induction, bacterial trafficking and antigen presentation, further demonstrating the need for bacterial recognition and efficient intracellular processing in controlling responses to the microbes (36, 38, 40, 41) .
GWAS studies have identified associations between polymorphisms in TL1A and IBD in multiple populations (99) . Expression of the cytokine, TL1A (TNFSF15) and its receptor, death domain containing receptor (DR3), is upregulated in T cells and macrophages of IBD patients (100, 101) . Bacterial stimulation from both aerobic and anaerobic strains, including the flagellated Lachnospiraceae A4, are capable of inducing TL1A mRNA expression in CD14 + human macrophages and monocyte-derived DCs (MoDCs) (99) . Lachnospiraceae A4 was shown to be a potent inducer of membrane-bound TL1A protein expression in human macrophages. This bacterial stimulation is dependent on p38 MAPK signaling and NFκB activation, and results in elevated IFN-γ expression in T cells activated by the TL1A-producing APCs (99) . Although genetics play a role in susceptibility to IBD, gene variants are not shared by all CD or UC patients. The current hypothesis for the development of IBD is that chronic inflammation is the result of a dysregulated response to the microbiota in a genetically susceptible individual (102) .
Flagellin-specific responses in IBD
A related group of flagellins, most similar to those of Clostridium subphylum cluster XIVa, have been identified as a novel class of immunodominant antigens in multiple models of murine colitis (8) . Anti-flagellin IgG2a responses are prominent in the sera of colitic mice, and adoptive transfer of flagellin-specific CD4 + T cells into immunodeficient mice is capable of inducing colitis. Interestingly, serum IgG antibodies to CBir1, a flagellin with significant reactivity in murine colitis, are elevated in approximately half of all CD patients but not in healthy controls or UC patients (8) . Recent work characterizing CBir1 flagellin and related flagellins have affirmed their place in Clostridium cluster XIVa and further placed them into the Lachnospiraceae family (103) . While the organism responsible for producing CBir1 flagellin has not been isolated, as anaerobes from this cluster are notoriously difficult to culture, a closely related organism, A4, which produces Fla2 in addition to four other flagellins, has been isolated (103) (Fig. 3) . Interestingly, IgG reactivity to the Clostridium cluster XIVa related organisms in CD patient sera is specific for flagellins and not to any other potential antigen of the organisms (103) . This solidifies flagellins as immunodominant antigens in the intestine and suggests they are potent mediators of innate immune activation and response to the microbiota. Previous work has classified CD patients into the following phenotypic groups based on seroreactivity to microbial antigens: (i) oligomannan [anti-Saccharomyces cerevisiae antibody (ASCA)] IgA and IgG reactive, (ii) I2 (CD-related protein from Pseudomonas fluorescens) and OmpC (E. coli outer membrance porin C) IgA reactive, (iii) pANCA (perinuclear antineutrophil cytoplasmic antibody) non-reactive, and (iv) little to no response to any of these microbial antigens (104) . Intriguingly, CBir1 flagellin antibody reactivity does not associate with any of the above groups in CD but rather independently marks a subset of patients with a complicated course of CD (9, 10) . Anti-CBir1 flagellin positive patients have increased incidence of small bowel internal-penetrating and fibrostenosing disease features and surgery (9, 10) . Similarly, antibodies to CBir1 are associated with a more rapid and aggressive disease phenotype in pediatric CD patients (6) . Monocytes isolated from peripheral blood (PB) from CD patients produce significantly more IL-6 after stimulation with CBir1 flagellin than do PB monocytes from UC patients or healthy controls (HC) (105) . CBir1 flagellin is also capable of inducing proliferation in human PB T cells isolated from CD patients, demonstrating an adaptive T-cell response (105) . Additionally, LP mononuclear cells (LPMCs) isolated from CD patients produce increased IFN-γ upon CBir1 flagellin stimulation compared to LPMCs from UC patients or healthy controls, supporting a pathogenic role for CBir1-specific responses in CD (105) .
Previous work has identified the cytokine deficiency-induced colitis susceptibility 1 (Cdcs1) locus as the regulator of colitis induction in C3H/HeJBir mice deficient in IL-10 (106). The Cdcs locus was demonstrated to contribute to decreased innate responsiveness to microbiota products and TLR ligands, including flagellin, coupled with exaggerated CD4 + T-cell adaptive responses resulting in colonic inflammation (106, 107) . The Cdcs1 locus has been mapped to mouse Chromosome 3 (106), more specifically to an interval containing the NFκB1 gene (107) . In support of this, macrophages from C3H/HeJBir mice constitutively express augmented levels of NFκB p50 compared to C57BL/6J macrophages (107) . AntiCBir1 reactivity has recently been linked to chromosome 4 in humans, to an area including the NFκB1 gene and syntenic to the Cdcs1 locus on Chromosome 3 in mice (107, 108) . Furthermore, NFκB1 haplotypes have been demonstrated to be associated with anti-CBir1 and anti-ASCA reactivity in CD patients (108) . NFκB is composed of two subunits, p50 from NFKB1 and p65 from ReIA. The NFκB1 haplotype (H1) associated with expression of anti-CBir1 antibodies in CD patients is marked by lower expression of the NFκB1 p50 subunit and p105, the inactive precursor of p50, and leads to decreased function and activation of NFκB. This decreased activation of NFκB functions to influence the innate response to the microbiota and contributes to excessive adaptive responses (108) . In agreement with these data, innate production of IL-6 is lower in CD patients with quantitatively higher levels of anti-CBir1 antibodies, suggesting an adaptive immune compensatory mechanism (105) . These findings are in agreement with the hypothesis that altered innate responses to the microbiota could result in unregulated adaptive microbiotaspecific responses in CD.
Concluding remarks
Recent work has characterized specific effects of the microbiota on adaptive immunity, including induction of regulatory and effector CD4+ T cells, production of cytokines and anti-microbial factors, and protection or susceptibility to colitis. However, these events are intimately intertwined with stimulation of the innate immune system, blurring the distinction between the two arms of the immune system. Innate signals via microbial stimulation are necessary for spontaneous proliferation of CD4 + T cells and colitis induction in a T-cell transfer model of colitis, supporting a model in which colitis induction is dependent on signals from both the innate and adaptive immune system. This is in agreement with murine models of colitis in which dampened innate signaling results in aberrant adaptive CD4 + Tcell responses. GWAS findings have elucidated multiple gene variants within the innate as well as the adaptive immune system associating with IBD and by inference mucosal homeostasis. The importance of IgA in the mucosal system is paramount and multifaceted. Protective SIgA aids in resistance to colonization by pathogens while IgA + plasma cells can secrete iNOS and TNF-α to act as effector cells. Altered innate responses to bacteria most likely favor an environment more susceptible to exaggerated adaptive responses to components of the microbiota, particularly flagellins, and play a role in the onset of IBD. Flagellins as immunodominant microbiota antigens have been useful as probes to investigate both innate and adaptive immune responses. SIgA communicates luminal contents to the lamina propria by sampling commensals and presenting them to tolerogenic DCs, which have a propensity to induce IgA class switching, via a specialized receptor on M cells. Foxp3 + Tregs are major T-helper cells involved in IgA production and IgA + B-cell survival in the lamina propria. IgA + plasma cells can also express the antimicrobial mediators TNF-α and iNOS to act as an effector cell in the lamina propria. The multifaceted IgA system acts to maintain an anti-inflammatory setting by compartmentalizing microbial responses to the mucosal immune system to circumvent a systemic response to the microbiota.
Fig. 2. T-regulatory/T-effector cell balance in the intestine
Differential expression of microbial species and components contribute to the balance of Teffector cells (Teff) and T-regulatory cells (Tregs) in the lamina propria. SFB colonization is marked by increased SAA production and augmented Th17 cells. Colonization of the colon with Clostridia XIVa family members is associated with increased TGF-β from the epithelium and augmented Tregs. Numerous additional signals contribute to the balance of Teff/Treg including levels of SCFAs and TLR ligand interactions. 
